15 N-labeling and solid-state 13 C and 15 N nuclear magnetic resonance (NMR) spectroscopy was applied to study the immobilization of 2,4,6 trinitrotoluene (TNT) into soil organic matter (SOM). Uncontaminated soil from the Ap horizon of a Luvisol was mixed with 15 N-TNT (enrichment: 99 atm%) and laid over an unspiked layer of the same material. The latter covered soil from the Bt horizon. The microcosms were aerobically incubated under laboratory conditions for up to 11 months. After 1 week, within the total microcosm approximately 90% of the added 15 N ( 15 N add ) were recovered, mostly in the top layer (87%). After 11 months, this amount decreased to 71%, indicating losses due to denitration or transamination. Within two months, half of 15 N add had been immobilized in the residues not extractable with organic solvents and water. The amount of the sequestered 15 N add remained fairly constant until the end of the experiment pointing towards a high stability of TNT-SOM associates. Solid-state 15 N NMR revealed their formation by covalent binding, most tentatively as amides. Complete reduction of TNT to triaminotoluene (TAT) was not prerequisite. The most pronounced downwards movement of 15 N-TNT occurred during the first two months. The major part of it, however, experienced quick immobilization, leaving approximately 10% of 15 N add recovered in the leachate at the end of the experiment. Calculations indicated contributions of inorganic 15 N add . Approximately 25% of its organic 15 N add originated from condensed N, suggesting that in soils the transport of partly reduced TNT is in close association with the organic matter of the soil solution to which they are covalently bound.
Introduction
A major contaminant of sites around former ammunition plants represents the explosive 2,4,6-trinitrotoluene (TNT). Comparable to many other polynitroaromatics, the concern about its presence in soil derives from its mutagenic potential but also from its toxic effect on aquatic and terrestrial organisms (Bruns-Nagel et al., 1999; Drzyzga et al., 1995; Fuller and Manning, 1998; Gong et al., 1999; Honeycutt et al., 1996; Won et al., 1976) . In order to diminish the potential hazardous impact on the environment and the risk for human health of TNT-contaminated sites, much effort has been directed towards a better understanding of the fate of this explosive in soils.
Commonly, the examination of the chemical transformation of TNT in soils is performed by analyzing the supernatants obtained after extraction of the soil with various organic solvents. However, already after short incubation times, a considerable amount of TNT and its transformation products are irreversibly bound into the solid soil phase (Achtnich et al., 1999; Drzyzga et al., 1998; Hundal et al., 1997) and thus are excluded from further analysis with common wet chemical approaches. Consequently, little is known about their chemical composition and the processes responsible for their immobilization.
Solid-state 15 N NMR spectroscopy represents an alternative, because as a nondestructive technique, it allows the analysis of the bulk sample without major pretreatment. Previous studies demonstrated its potential for the analysis of 15 N-TNT transformation products in a humic acid isolated from a 15 N-TNT-spiked soil subjected to composting (Knicker et al., 1999) . In this study a clear signal was found in the region of condensed N structures. Newer two dimensional (2D) double cross polarization magic angle spinning (DCPMAS) NMR spectroscopic studies confirm their assignment to amide structures (Knicker, 2003; Knicker and Müller, 2003) . They were suggested to be formed through microbiologically induced acetylation or formylation of TNT transformation products. Further cross-linking to polyamidelike polymers leads to their immobilization and contributes to a high resistance against microbial and chemical degradation. This pathway may play an important role with respect to natural attenuation strategies. To follow this process and to obtain a better understanding of the high resistance of the explosive in natural soils, an incubation study was performed. 15 N-TNT was mixed with soil material derived from the Ap layer of an non-contaminated Luvisol and incubated under aerobic conditions for up to 11 months. In the used microcosm system, the artificially contaminated soil material covered layers of uncontaminated soil from the Ap and from the Bt horizon. The isotopic enrichment allowed the analysis of the humification process by solid-state 15 N NMR spectroscopy, but also to follow changes in the extractability of the 15 N tracers and their downwards translocation with the leaching water.
Materials and Methods

SOIL MATERIAL
For the TNT-transformation experiment, non-contaminated soil material from the Ap and Bt horizon of a Luvisol located approximately 32 km northeast of Munich, Germany, was used. The soil was under agricultural management and is part of the experimental station Viehhausen of the Technische Universität München. The pH, measured using 5 g soil in 15 ml 0.01 M CaCl 2 , was 6.9 for the Ap and 6.7 for the Bt horizon. Soil texture was determined in the fine earth (<2 mm) after removing SOM and Fe-oxides with 3.3 g H 2 O 2 L −1 and sodium dithionite at room temperature. The remaining material was dispersed with 0.1 M Na 4 P 2 O 7 and the sand fraction
